1. Introduction {#sec1}
===============

Orthopedic disease and injuries often require the repair or replacement of a joint or damaged/diseased bone tissue with a bone graft, bone graft substitute or biomedical implant. The interface between an orthopedic implant and the surrounding bone tissue is key to the ultimate success of the implant. Ideally, this interface will encourage osseointegration with the host bone, resulting in strong fixation and implant stability. However, implant failure can occur due to the lack of integration with bone tissue or bacterial infection. The chosen material and surface topography of orthopedic implants are key factors that influence the early events following implantation and may ultimately define the success of a device.

Upon implantation, bacteria compete with somatic and progenitor cells to populate the surface, resulting in either biofilm formation or healthy tissue. The phrase "race for the surface", initially coined by Gristina in 1987, describes the competition between microbial adhesion and tissue integration at the implant surface \[[@bib1], [@bib2], [@bib3]\]. The goal of this "race for the surface" is to have tissue specific stem cells occupy the implanted surface and minimize the ability of bacteria to form biofilms, which obstruct cellular functions and can negatively affect the formation of healthy tissue. Additionally, bacterial biofilms are more resistant to antibacterial agents as compared to their planktonic counterparts and also resist natural host defense mechanisms \[[@bib4]\]. Thus, the ability for stem cells to adhere, spread and migrate may mitigate the likelihood of biofilm formation and biomaterial associated infections (BAI) \[[@bib5], [@bib6], [@bib7]\]. The prevention of BAIs is especially important for orthopedic devices as aseptic loosening and infection remain the leading causes of implant failure \[[@bib8]\].

The ideal implant interface will encourage rapid migration, proliferation and differentiation of stem cells to osteoblasts and eventually osteocytes, producing an osteoid matrix that ultimately mineralizes and creates a cohesive interface between the implant and surrounding tissue. The local stem cell population that contributes to the formation of bone tissue are mesenchymal stem cells (MSCs) \[[@bib9]\]. These MSCs exist in both periosteal and endosteal membranes lining the exterior and interior of existing bones in addition to being found in many other connective tissues, such as, adipose tissue \[[@bib10]\]. Complicating the ability to form bone tissue is the multilineage potential of MSCs. MSCs can readily differentiate to adipose tissue, bone tissue, cartilage and other connective tissue, and muscle tissue \[[@bib9],[@bib11]\]. Successful orthopedic implants should direct the differentiation of MSCs towards only bone tissue.

The presentation of the implant surface is key to the events from cell adhesion through differentiation. Both the chemistry of the chosen material and surface topography affect the response of MSCs post implantation \[[@bib12], [@bib13], [@bib14], [@bib15]\]. Specific to this article is an examination of how micro and hierarchical nano/microtextured surfaces influence early MSC response \[[@bib16]\]. The interaction with an MSC and a surface is carried out through multiple protein complexes and organelles, which range in size from 10\'s of nanometers up to a few microns. Modulating these protein complexes and organelles can be accomplished through varying surface features presenting similar characteristic dimensions \[[@bib17], [@bib18], [@bib19], [@bib20], [@bib21]\]. One key protein complex involved in MSC fate is the focal adhesion, which is a cluster of integrins attaching the cell to a surface and numerous associated intracellular proteins capable of both structural and biochemical activity \[[@bib22],[@bib23]\]. Unique nanostructures can alter this integrin signaling leading to cytoskeletal reorganization and morphology changes, and subsequently alter differentiation \[[@bib24],[@bib25]\]. Furthermore, we have previously detailed how nanostructures can affect and direct the differentiation of MSCs towards bone tissue \[[@bib17], [@bib18], [@bib19], [@bib20]\]. Specifically, what we have found is that hierarchical nano/microtextured surfaces can increase intracellular contractility and directing MSC differentiation to bone \[[@bib18]\]. Based on the ability of changes in surface features at the micro- and nanoscale to influence a wide range of cellular activities including: adhesion, spreading, morphology, proliferation and differentiation; we postulate that the presentation of a textured surface influencing cell adhesion, migration and differentiation of MSCs may be a non-toxic and localized option to minimize the opprotunity for bacterial adhesion and biofilm formation, decreasing the chance of BAI.

Two clinically relevant materials utilized in orthopedic applications are polyether ether ketone (PEEK) and the titanium alloy Ti~6~Al~4~V, (Ti). We have previously demonstrated the material choice and topography of the surface have the ability to regulate the early attachment, migration and differentiation of human mesenchymal stem cells (MSCs) \[[@bib13],[@bib16],[@bib26]\]. In that work, Ti surfaces exhibiting macro-micro roughness resulted in improved cell spreading, random migration and increased differentiation towards an osteoblastic lineage when compared with smooth topographies, both Ti and PEEK \[[@bib16]\]. Specifically, the macro-micro texture on the Ti led to early cuboidal and stellate morphologies indicative of osteogenic differentiation, while smooth topographies resulted in elongated spindle-shaped cells at 24 h, typical of a fibroblastic tissue.

In this article, we expand on the previous study by introducing a surface with specifically engineered micro- and nano-topography. This study will examine: the rate of morphology change, rate of adhesion to a surface, velocity and directionality of migration, and differentiation of MSCs. The rate of morphology change is an indicator of adhesion, spreading and possibly differentiation. Further, rapid random migration is advantageous to establish a cohesive layer of MSCs on a surface. Finally, differentiation of MSCs to osteoblasts may be assessed through the early osteoblast marker, alkaline phosphatase (ALP) and the maturing osteoblast marker, osterix (OSX). We hypothesize that a unique combination of micro and nanotexture on Ti will improve the rate of morphology change to steady state and enhance the rate of MSC differentiation to bone tissue.

2. Materials and methods {#sec2}
========================

2.1. Substrate preparation {#sec2.1}
--------------------------

Substrates were 15-mm diameter disks machined from titanium alloy (Ti6Al4V ELI per ASTM [F136](astm:F136){#intref0010}) and PEEK (per ASTM [F2026](astm:F2026){#intref0015}) to create relatively smooth surfaces (Titan Spine, Inc., Mequon, WI). To create the roughened surface textures, titanium disks were treated with a proprietary acid etch process creating a macro and micro texture, herein referred to as Endoskeleton®. Some of the disks were additionally treated with a proprietary process that imposes a nano texture onto the roughened titanium surfaces, herein referred to as nanoLOCK®. All disks were sterilized by immersion in 70% ethanol for 30 min and rinsed with 1x phosphate-buffered saline (PBS) prior to use.

To characterize the surface features, a disk from each unique surface was imaged with scanning electron microscopy (SEM). SEM imaging was carried out on a FEI Nova NanoSEM 630 SEM (ThermoFisher, Waltham, MA, USA). Representative images were acquired on each of the 4 unique surfaces at 1,000X and 10,000X. These images are presented in [Fig. 1](#fig1){ref-type="fig"}.Fig. 1Surfaces were imaged with SEM to demonstrate the unique nanostructures present on the nanoLOCK® surface relative to Endoskeleton®. A. -- D. are 1,000X images for PEEK, Smooth Ti, Endoskeleton® and nanoLOCK® respectively. E. -- H. are 10,000X images for PEEK, Smooth Ti, Endoskeleton® and nanoLOCK® respectively.Fig. 1

2.2. Cell culture {#sec2.2}
-----------------

Human mesenchymal stem cells (MSCs) were obtained from Lonza and maintained in a basal media composed of: αMEM (ThermoFisher, Waltham, MA, USA) with 10% fetal bovine serum (Atlanta Biologicals, Atlanta, GA, USA) and 1% penicillin/streptomycin (ThermoFisher, Waltham, MA, USA). MSCs were seeded on each of the surfaces at 1000 cells/cm^2^ for evaluating morphology and migration, and 10,000 cells/cm^2^ for assaying early differentiation.

2.3. Morphology and cell adehsion {#sec2.3}
---------------------------------

To evaluate morphology MSCs were stained with the DiI derivative, DiR (ThermoFisher, Waltham, MA, USA) to fluorescently label the cell membrane. The staining was carried out through addition of 0.5% DiR in basal media and subsequent incubation for 30 min in a humidified incubator. The stained MSCs were trypsinized and plated on each of the four surfaces, which were imaged at 2, 6, 24 and 72hrs. An average of 20 MSCs per timepoint per surface were analyzed to determine a representative morphology. The images were thresholded and processed with the 'Analyze Particles' function within ImageJ (NIH) to identify perimeter (P), area (A), long axis length (L) and short axis length (S). Aspect ratio, circularity and roundness were calculated as follows:$$Aspect\ Ratio = \ \frac{L}{S},\ \ Circularity = \ \frac{4\pi A}{P^{2}},\ \ Roundness = \ \frac{4A}{\pi L^{2}}$$

Furthermore, to evaluate MSCs attached to a surface, MSCs were stained with DiR following the protocol above and were imaged at 2, 12 and 24hrs. The number of MSCs adhered was recorded for 5 unique regions on each surface to determine the kinetics of MSC adhesion.

Qualitative immunofluorescence images were obtained of representative MSCs at 24hrs on each of the four surfaces through first fixation of the samples in 3.7% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) followed by blocking and permeabilization in 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) with 2% bovine serum albumin (VWR, Radnor, PA, USA) and probing with CF568 phalloidin (Biotium, Freemont, CA, USA) or Atto490LS phalloidin for PEEK specifically (Sigma-Aldrich, St. Louis, MO, USA), DAPI (ThermoFisher, Waltham, MA, USA), and a primary antibody to the protein vinculin (Sigma-Aldrich, St. Louis, MO, USA) followed by a secondary antibody conjugated to Dylight 488 (ThermoFisher, Waltham, MA, USA) or Q dot 800 for PEEK specifically (ThermoFisher, Waltham, MA, USA) \[[@bib16],[@bib20],[@bib27],[@bib28]\]. Z-projected 3D deconvolved slices of the immunostained MSCs were overlaid with a reflected differential interference contrast (DIC) image in grayscale of the surface obtained through a z-projected 3D inverse filtered stack to produce the resulting images of the MSCs on each surface.

2.4. Migration {#sec2.4}
--------------

To evaluate migration velocity and directionality, MSCs were first loaded with quantum dots using the Qtracker 705 Cell Labeling kit (ThermoFisher, Waltham, MA, USA) following the manufacturers protocol. The labelled cells were trypsinized and seeded on each of the four surfaces. Migrating MSCs were imaged at 10X on a heated microscope stage every 10min from 6hr--16hr post seeding, an average of 8 MSCs were tracked on each surface. The acquired time-lapse images were processed with ImageJ (NIH) to determine velocities in addition to displacement. The displacements were used to calculate directionality as follows:$$Directionality = \ \frac{end - to - end\ distance}{total\ distance}$$

2.5. Differentiation {#sec2.5}
--------------------

MSCs were seeded on all four surfaces and maintained in basal media supplemented with 3 mM β-glycerophosphate (Sigma-Aldrich, St. Louis, MO, USA) and 50 μg/mL ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA). At 3d and 10d samples were lysed in 200  μL of mammalian protein extraction reagent, M-PER, (ThermoFisher, Waltham, MA, USA) and transferred to −80C for storage. DNA was measured with a Quant-iT PicoGreen assay (ThermoFisher, Waltham, MA, USA), alkaline phosphatase, ALP, was measured with a p-nitrophenolphosphate assay (ThermoFisher, Waltham, MA, USA), and osterix, OSX, was measured with an OSX/SP-7 ELISA (LifeSpan Biosciences, Seattle, WA, USA). All assays were used by following the manufacturers protocols, with a sample volume of 5  μL.

2.6. Statistics {#sec2.6}
---------------

n = 4 was used for all quantitative assays. Morphology was measured for an average of 21 cells per sample per time point, an n = 5 unique regions per surface were used to quantify cell adhesion, and migration velocity and directionality were calculated for an average of 8 cells per sample. One-way ANOVAs with Tukey post hoc tests were used to determine significant differences in MSC morphology, migration, directionality and differentiation markers, ALP and OSX, which were first normalized to the DNA content per sample.

3. Results and discussion {#sec3}
=========================

3.1. Morphology {#sec3.1}
---------------

MSC morphology was examined quantitatively at 2, 6, 24 and 72hrs post seeding on smooth Ti, a microtextured Ti (Endoskeleton®), a hierarchical nano/microtextured Ti (nanoLOCK®), and polyether ether ketone (PEEK). Furthermore, a qualitative examination was carried out through immunostaining at 24hr. [Fig. 2](#fig2){ref-type="fig"} presents the quantitative analysis of MSC morphology. [Fig. 2](#fig2){ref-type="fig"} examines cell shape through three unique shape indicators: aspect ratio, circularity and roundness. An un-spread, rounded cell would present an aspect ratio of 1.0, circularity of 1.0 and roundness of 1.0. [Fig. 2](#fig2){ref-type="fig"}A demonstrates the aspect ratio shift on all four surfaces. At the 2hr time point all four surfaces demonstrated aspect ratios under 2.0 with no significance between the groups. Examining temporal changes in aspect ratio, between the 2hr and 6hr time points, PEEK, smooth Ti and nanoLOCK® all demonstrated significant increases in aspect ratio. From 6hrs onward through 72hr, nanoLOCK® did not demonstrate any significant changes in aspect ratio, whereas all three other surfaces demonstrated significant shifts between the 6hr and 72hr time points. Examining changes between groups, both the nanoLOCK® and Endoskeleton® surfaces were significantly lower in aspect ratio than the smooth Ti and PEEK at 24hrs, and nanoLOCK® was again significantly lower at 72 h than both, but Endoskeleton® was only lower than smooth Ti.Fig. 2MSC morphology was determined on each of the four unique surfaces by measuring Aspect Ratio, A., Circularity, B., and Roundness, C. Significance (p \< 0.05) between surfaces at a single time point are represented by bars between circles matched to the color corresponding to the surface. Furthermore, to demonstrate how these three shape factors relate to cell shapes observed, D., provides representative shapes near the average measured shape factors at 72 h for all four surfaces.Fig. 2

[Fig. 2](#fig2){ref-type="fig"}B demonstrates the shift in circularity values over time on all four surfaces. Circularity significantly decreased on smooth Ti and PEEK from 2hr to 6hr; however, neither Endoskeleton® nor nanoLOCK® demonstrated significant changes from 2hr to 6hr. Furthermore, only PEEK demonstrated a significant change in circularity between 6hr and 24hr, suggesting a lag in reaching the steady state cell morphology. Examining changes in circularity between groups, Endoskeleton® presented the highest circularity from 6hr onward, and was significantly higher circularity than smooth Ti and PEEK at 6, 24 and 72hrs and nanoLOCK® at 24hr. Furthermore, PEEK and smooth Ti demonstrated the lowest circularity from 6hr onward.

Finally, [Fig. 2](#fig2){ref-type="fig"}C presents the shift in roundness over time on all four surfaces. All four surfaces demonstrated a sharp decrease in roundness from 2hr to 6hrs, followed by a leveling off for all surfaces but Endoskeleton®. Smooth Ti demonstrated significantly lower roundness at 6hr than all other surfaces, whereas, nanoLOCK® demonstrated significantly higher roundness at 24hr and 72hr as compared to all other surfaces. Taken together the morphology results indicate a general trend towards an elongated morphology for smooth Ti and PEEK, characterized by high aspect ratios, low circularity and low roundness. The low aspect ratio, high circularity and moderate roundness on Endoskeleton® indicate a trend towards cuboidal morphologies and finally the low aspect ratio, moderate circularity and high roundness indicate a trend towards stellate morphologies on nanoLOCK®.

Quantitative analysis of MSC adhesion on all four surfaces at 2, 12 and 24hr, [Fig. 3](#fig3){ref-type="fig"}., reveals the MSCs adhered to nanoLOCK® rapidly compared with the other surfaces. All titanium surfaces, nanoLOCK®, Endoskeleton® and smooth Ti, demonstrated higher than 20% of MSCs adhered by 2hr, whereas, PEEK only demonstrated 10% of MSCs adhered by 2hr. At 12 h peak adhesion occurred on nanoLOCK® with a density equivalent to 90% the initial seeding density. Endoskeleton® also demonstrated a plateau by 12hr, however, only approximately 50% of seeded cells were attached. Adhesion to the smooth Ti occurred at a slower ratel, but 50% of seeded MSCs ultimately adhered to the surface by 24hr. PEEK also exhibited a plateau at 12 h, but only 30% of the seeded cells attached by 24hrs.Fig. 3MSC adhesion kinetics were assessed over the course of 24 h by counting the number of cells attached to each surface at 2hr, 12hr, and 24hr. Significance (p \< 0.05) between surfaces at a single time point are represented by bars between circles matched to the color corresponding to the surface.Fig. 3

Qualitative morphology at 24hrs follows the expected trends uncovered in the quantitative morphology, and is presented in [Fig. 4](#fig4){ref-type="fig"} and [Supplemental Figure 1](#appsec1){ref-type="sec"}. Notably, both PEEK and smooth Ti demonstrated elongated or spindle shaped MSCs. Endoskeleton® presented cuboidal MSCs and nanoLOCK® presented stellate MSCs. Evaluating the presence of focal adhesions as indicated by the focal adhesion protein vinculin, stained green, it is clear that both Endoskeleton® and nanoLOCK® present peripheral focal adhesions, smooth Ti presents very large elongated focal adhesions and PEEK qualitatively presents the fewest focal adhesions of the four. Together the qualitative morphology follows the quantitative assessment and focal adhesion formation suggests cell adhesion is poor on PEEK.Fig. 4Representative 40X immunofluorescence images of MSCs on each surface at 24hrs actin stress fibers (red), the focal adhesion protein vinculin (green), and the nuclei (blue).Fig. 4

3.2. Migration {#sec3.2}
--------------

MSC migration velocity and directionality were quantified on each of the four surfaces from 6 to 16hr post seeding. Migration velocities varied dramatically on the four surfaces, [Fig. 5](#fig5){ref-type="fig"}A., with PEEK demonstrating the slowest average velocity of 32.9 μm/hr followed by Endoskeleton® at 39.8 μm/hr and smooth Ti and nanoLOCK® presenting the highest average velocities of 55.6 μm/hr and 56.3 μm/hr, respectively. Velocity was significantly higher on smooth Ti as compared to both Endoskeleton® and PEEK, similarly, nanoLOCK® was significantly higher than PEEK. Directionality of the migrating MSCs was significantly higher on smooth Ti as compared to all other surfaces, [Fig. 5](#fig5){ref-type="fig"}B.Fig. 5MSC migration velocity, A., and directionality, B., were examined on each of the four surfaces. Significance (p \< 0.05) is represented by bars that are matched to the color corresponding to the surface.Fig. 5

Rose plots were generated from velocities, [Fig. 6](#fig6){ref-type="fig"}, and demonstrates an anomaly in the quantified directionalities presented in [Fig. 5](#fig5){ref-type="fig"}B. The rose plots for Endoskeleton® and nanoLOCK® both demonstrate MSCs moving in multiple directions, which is expected based on the low quantified directionalities. Similarly, smooth Ti also mimics the measured directionality by demonstrating most migration along a single axis and in a single direction; however, PEEK demonstrates MSCs clearly moving along a single axis, but in both directions. This opposite and bidirectional movement of MSCs on PEEK is why the quantified directionality is low and does not indicate random migration as observed on Endoskeleton® and nanoLOCK®.Fig. 6Circular histograms demonstrating the migration direction of all cells measured on each surface, demonstrating that Endoskeleton® and nanoLOCK® did indeed present true random migration, whereas, PEEK demonstrated migration in two opposite directions.Fig. 6

3.3. Differentiation {#sec3.3}
--------------------

Finally, MSC differentiation was assessed at 3d and 10d post seeding on all four surfaces, [Fig. 7](#fig7){ref-type="fig"}. The first marker assessed was the early bone marker ALP, which is expressed primarily by preosteoblasts and expression decreases in osteoblasts and is not expressed at all in terminally differentiated osteocytes. [Fig. 7](#fig7){ref-type="fig"}A demonstrates ALP expression by MSCs on the four surfaces normalized to DNA concentration on each surface. At 3d post seeding, nanoLOCK® had significantly higher ALP expression than all other surfaces. In contrast, at 10d nanoLOCK® had less ALP than all other surfaces and was the only of the four to not demonstrate a significant increase between 3d and 10d. At 10d smooth Ti demonstrated the highest expression of ALP, which was found to be significantly higher than either Endoskeleton® or nanoLOCK®. Furthermore, ALP expression on PEEK at 10d was significantly higher than nanoLOCK®. Next, the maturing osteoblast marker, OSX, was examined and normalized to DNA concentration, [Fig. 7](#fig7){ref-type="fig"}B. OSX is expressed by preosteoblasts transitioning to osteoblasts. At 3d post seeding, OSX expression was low on all surfaces. At 10d, both Endoskeleton® and nanoLOCK® demonstrated significantly higher OSX expression as compared to 3d. Furthermore, expression of OSX was significantly different between both Endoskeleton® and nanoLOCK® from all other surfaces, with nanoLOCK® demonstrating the highest expression of OSX as compared to all other surfaces. All differentiation markers are normalized to the DNA concentration of each sample, which is presented in [Supplemental Figure 2](#appsec1){ref-type="sec"}. Analysis of both osteogenic markers indicate the cells on the nanoLOCK® surface were the most differentiated, followed by Endoskeleton®, smooth Ti, and PEEK.Fig. 7Assessment of hMSC differentiation through the early marker alkaline phosphatase (ALP), A., and mid marker osterix (OSX), B., at 3 and 10 days. Significance (p \< 0.05) is demonstrated between surfaces at the same time by bars, and on the same surface across the time points by \*'s.Fig. 7

3.4. Discussion {#sec3.4}
---------------

The influence of surface chemistry and topography on osteoblast differentiation is well established in literature. Previous work on the early response of MSCs demonstrated that material choice and macro/micro-scale topography can regulate the early attachment, migration and differentiation of hMSCs \[[@bib13],[@bib16],[@bib26]\]. Specifically, the macro-micro texture on titanium led to early cuboidal and stellate morphologies indicative of osteogenic differentiation, while smooth topographies resulted in elongated spindle-shaped cells, typical of a fibroblastic tissue. In conjunction, differentiation outcomes illustrated increased levels of ALP and OSX on the texture titanium indicating greater movement towards the osteogenic lineage compared with the smooth topographies. The goals of the present study were to expand on the previous study by introducing a surface with specifically engineered micro- and nano-topography to evaluate the influence of the combined topography on early response of MSCs and its correlation with long-term osteoblastic differentiation.

The success of an orthopedic implant/graft depends on the ability of the surface of the implant/graft to stimulate rapid adhesion, migration and differentiation of MSCs to bone tissue. As an MSC attaches and spreads on a surface the morphology of the MSC shifts from a sphere that transitions to a range of potential morphologies, such as: elongated spindle shaped MSCs; cuboidal or polygonal shaped MSCs; or MSCs demonstrating multiple large processes, referred to as stellate morphologies. There is currently some debate as to whether morphology correlates with lineage commitment of the MSCs \[[@bib29],[@bib30]\]. However, the research demonstrating no clear correlation focused on spreading of MSCs with round versus elongated shapes only, not the unique cuboidal or stellate morphologies of more mature osteoblasts/osteocytes \[[@bib29]\]. We examined temporal changes in aspect ratio, circularity and roundness to assess the early MSC morphology changes in response to PEEK, smooth Ti, Endoskeleton® and nanoLOCK® surfaces. Based on a high initial circularity and increased lag in reaching a steady-state in all three metrics of morphology, it is clear that MSCs on PEEK were the slowest to adapt to the surface and reach a steady-state morphology. This delay may be in part due to poor surface adhesion of the cells as indicated by the lower quantity of focal adhesions observed at 24hrs. The eventual steady-state morphology of MSCs on PEEK was long spindle shaped cells as evident by the high aspect ratio coupled with low circularity and roundness at 72 h. In contrast, MSCs on all the Ti alloy surfaces rapidly reached a steady-state morphology, however, these morphologies were quite dissimilar and appeared dependent on surface topography. MSCs on smooth Ti reached an elongated spindle shaped morphology similar to PEEK, however at a faster rate and with stronger surface adhesion as indicated by the quantity of focal adhesions. MSCs on Endoskeleton® demonstrated polygonal and cuboidal morphologies as evident by a low aspect ratio, high circularity, and moderate roundness. Finally, MSCs on nanoLOCK® demonstrated stellate morphologies with numerous large processes in multiple directions characterized by low aspect ratio, moderate circularity but high roundness. Comparing the observed morphologies to expected morphologies of the target tissue, bone typically demonstrates both cuboidal and stellate morphologies with mature cells demonstrating longer cell processes \[[@bib16],[@bib31],[@bib32]\]. In contrast, the spindle morphologies observed on both smooth Ti and PEEK are typical of fibroblasts and other connective tissues, such as, tendon and ligament \[[@bib33],[@bib34]\].

The "race for the surface" relies on rapid adhesion and occupation of an implant by MSCs \[[@bib1],[@bib2]\]. This requires cells to attach, and migrate randomly and rapidly to evenly distribute across the available area \[[@bib35]\]. The adhesion kinetics demonstrate nanoLOCK® promotes rapid adhesion of MSCs, followed by Endoskeleton®, smooth Ti, and PEEK. Furthermore, the migration data demonstrates that cells on both Endoskeleton® and nanoLOCK® surfaces achieved the target of random migration, but nanoLOCK® demonstrated a much higher velocity. In contrast cells on both smooth Ti and PEEK demonstrated migration along a single axis, potentially a result of contact guidance along the ridges created by machining \[[@bib36],[@bib37]\]. These differences in migration velocity and direction between rough and smooth topographies are consistent with the original study. Together this data suggests the hierarchical nano/microstructure present on nanoLOCK® surfaces was advantageous for generating the rapid and random migration necessary for bone tissue integration with the implant.

Finally, osteogenic markers were evaluated for correlation with the early morphology results. An implant needs to stimulate the formation of *de novo* bone tissue to ensure cohesive integration with the surrounding bone tissue. This integration ensures the implant behaves as a single unit with existing tissue. The two markers assayed evaluate early to mid-osteoblast differentiation. nanoLOCK® in particular did not show any measurable change in ALP expression between 3d and 10d, however the 3d expression was significantly higher than the other three surfaces. This suggests that peak ALP expression on nanoLOCK® surfaces may have occurred between the 3d and 10d time points. Evaluating the other surfaces, Endoskeleton® also presented only a modest increase in ALP, whereas both smooth Ti and PEEK presented strong increases in ALP. Typical *in vitro* differentiation of MSCs on tissue culture polystyrene results in peak ALP activity around 14d post seeding, however, biomaterials and nanostructures tend to accelerate this response \[[@bib38],[@bib39]\]. To further elucidate the rates of differentiation on the four surfaces the second marker, OSX, proves valuable because it typically demonstrates a peak in expression later than ALP, approximately 2--3 weeks both *in vitro* and *in vivo* during fracture healing \[[@bib40], [@bib41], [@bib42]\]. OSX expression on nanoLOCK® was significantly elevated at 10d as compared to all other surfaces, suggesting that MSCs were rapidly differentiating to osteoblasts. Furthermore, Endoskeleton® presented a moderate level of OSX at 10d, which when coupled with the moderate increase in ALP suggests MSC differentiation on Endoskeleton® was rapid but lagged the differentiation on nanoLOCK®. Finally, both smooth Ti and PEEK presented low levels of OSX at 10d, which when coupled with high ALP expression suggests that MSCs on both of these surfaces are differentiating to osteoblasts at the slowest rates observed. Together this data suggests MSC differentiation to osteoblasts on nanoLOCK® was dramatically improved as compared to all other surfaces, and MSC differentiation to osteoblasts on PEEK was the lowest observed on all four surfaces.

4. Conclusions {#sec4}
==============

Together the data presented above validates our two initial hypotheses. Notably, incorporating a specifically engineered micro- and nano-roughness on Ti6Al4V improves the rate of adhesion and velocity of migrating MSCs in addition to the increasing the rate at which the MSCs differentiate to osteoblasts. Furthermore, this improved differentiation correlates with a rapid adoption of a stellate morphology by the MSCs on the nanoLOCK® surfaces, suggesting this morphology may be an appropriate predictor of substrate success. These results support the combined macro-micro-nano topography of the nanoLOCK® surface as being a substantial improvement over other topographies for osseointegration as demonstrated through rapid random migration necessary to populate a surface with stem cells, the evolution of a morphology typical of mature osteoblasts/osteocytes, and a rapid progression through the early and mid-osteogenic differentiation markers, ALP and OSX respectively. Rapid surface adhesion and spreading by mesenchymal stem cells coupled with stimulation of bone differentiation potentially minimizes the opportunity for bacteria colonization, thus winning the "race to the surface", and increases the rate of device integration with surrounding bone tissue.
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Appendix A. Supplementary data {#appsec1}
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The following are the Supplementary data to this article:Figs1Representative 10X immunofluorescence images of MSCs on each surface at 24hrs actin stress fibers (red), the focal adhesion protein vinculin (green), and the nuclei (blue). The vinculin stain on PEEK was not detected at low magnification due to the autofluorescence of PEEK overwhelming the vinculin signalFigs1Figs2Proliferation of MSCs on each surface was measured by quantitative analysis of DNA. In general, MSC proliferation was highest on the smooth Ti surfaces, followed by PEEK, with Endoskeleton® and nanoLOCK® presenting the lowest levels of proliferation. Significance (p\<0.05) is represented by bars that are matched to the color corresponding to the surface. The lower rates of proliferation on rough surfaces are consistent with prior research efforts that demonstrate rough surfaces promote osteogenic differentiation coupled with decreased proliferationFigs2
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